To investigate the safety, feasibility and efficacy of delayed cord clamping (DCC) compared with immediate cord clamping (ICC) at delivery among infants born at 22 to 27 weeks' gestation. STUDY DESIGN: This was a pilot, randomized, controlled trial in which women in labor with singleton pregnancies at 22 to 27 weeks' gestation were randomly assigned to ICC (cord clamped at 5 to 10 s) or DCC (30 to 45 s). RESULTS: Forty mother-infant pairs were randomized. Infants in the ICC and DCC groups had mean gestational ages (GA) of 24.6 and 24.4 weeks, respectively. No differences were observed between the groups across all available safety measures, although infants in the DCC group had higher admission temperatures than infants in the ICC group (97.4 vs 96.2°F, P = 0.04). During the first 24 h of life, blood pressures were lower in the ICC group than in the DCC group (P o 0.05), despite a threefold greater incidence of treatment for hypotension (45% vs 12%, P o 0.01). Infants in the ICC group had increased numbers of red blood transfusions (in first 28 days of life) than infants in DCC group (4.1 ± 3.9 vs 2.8 ± 2.2, P = 0.04). CONCLUSION: Among infants born at an average GA of 24 weeks', DCC appears safe, logistically feasible, and offers hematological and circulatory advantages compared with ICC. A more comprehensive appraisal of this practice is needed.
INTRODUCTION
In most medical settings, clamping and cutting of the umbilical cord occurs within seconds following delivery. 1 Suggested advantages of this immediate separation include active management of the third stage of labor, prompt resuscitation of the neonate and less volume overload. 2, 3 However, over the past decade, several important benefits of delayed umbilical cord clamping (DCC) have been observed for preterm infants. [4] [5] [6] A recent Cochrane review (15 trials, 738 preterm infants) showed that DCC, compared with immediate cord clamping (ICC), resulted in higher hematocrits, less exposure to blood products, lower incidence of necrotizing enterocolitis and an almost 50% lower risk of intraventricular hemorrhage (IVH). 7 However, the majority of evidence supporting DCC in preterm infants comes from infants 428 weeks' gestation and concerns that DCC will delay resuscitation and may worsen outcomes have precluded enrollment of infants born at lower gestational ages (GAs). 8 Recently, the American College of Obstetricians and Gynecologists (ACOG), the American Academy of Pediatrics (AAP), and the World Health Organization (WHO) all issued statements supporting the practice of DCC at birth in preterm infants, but called for the need for a better understanding of the safety and feasibility of the practice among preterm infants born o 28 weeks' gestation. [9] [10] [11] Without evidence-based recommendations to guide clinical care, many obstetricians perform ICC for infants delivered o28 weeks' gestation. 1 This study was designed to evaluate the safety and feasibility of DCC among infants born at 22 through 27 weeks' gestation.
The secondary objective was to evaluate the potential efficacy of DCC in comparison with ICC in this subgroup of preterm infants.
METHODS
This was a randomized, controlled trial conducted at a single academic hospital (The Ohio State University Wexner Medical Center) between August 2009 and December 2013. All women with singleton pregnancies between 22.5 and 27.6 weeks' gestation who were admitted to the labor and delivery service were candidates for inclusion in the study. The determination of GA was based on best obstetrical estimate, including ultrasound performed by obstetrician or maternal-fetal medicine specialist. Women whose pregnancies were complicated by placental abruption, placental previa, multiple gestations, chromosomal abnormalities (including trisomy 21), known major congenital malformations, attending obstetrician refusal to participate or intent to withhold care were not eligible for enrollment. To ensure adequate time for patient consent and enrollment in the study, women enrolled were required to be admitted to the hospital at least 3 h before delivery. Each mother was provided a written document outlining the nature of the study. Written informed consent was obtained for all patients before their participation according to a protocol approved by The Ohio State University Wexner Medical Center institutional review board (IRB #09-00298).
Throughout the study, the principal investigator met weekly with nursing and ancillary staff to review the study protocol. The primary purpose of the sessions was to minimize communication errors among staff members regarding study procedures. A random number system was generated by a statistician not involved in the study. Laminated cards for randomization were maintained in sealed, opaque envelopes. Study personnel provided contact information to labor and delivery staff to notify 1 them of potential study participants or the impending delivery of previously enrolled subjects. When called for a subject's impending delivery, the team member opened the next randomization card, notified the obstetrician performing the delivery of the group assignment, reviewed the study protocol, attended the delivery and timed the cord clamping.
Women were assigned to two groups: ICC or DCC. For the ICC group, the obstetrician clamped the umbilical cord immediately following delivery of the infant ( o10 s). For the DCC, the obstetrician clamped the umbilical cord 30 to 45 s following delivery of the infant. During the delay, the infant was held in a sterile towel approximately 10 to 15 inches below the mother's introitus at vaginal delivery or below the level of the incision at cesarean section. A member of the research team notified the delivering physician regarding time elapsed in 5-s intervals. Following clamping of the umbilical cord, the infant was handed to the neonatology team for routine infant care. Per standard protocol at our institution, all births before 28 weeks' gestation are attended by a neonatologist.
The subsequent clinical management of infants was at the discretion of the attending neonatologist. As a result of the nature of the intervention, the study could not be blinded. However, the infant's group assignment (DCC or ICC) was not revealed to the primary team.
Prenatal and peripartum data were collected from the mothers' medical records by a study member who was unaware of the treatment group. None of the study members present at the time of randomization or aware of group assignment participated in the daily clinical care of study patients. Infant data were collected until the infants' discharge from the hospital. Time of cord clamping, placement of the infant during the intervention, and time and date of birth were collected in the delivery room. Safety variables obtained in the delivery room and upon admission to the neonatal intensive care unit were recorded. We also recorded maximum serum bilirubin levels and incidence of polycythemia (defined as venous hematocrit 465%).
Data on hematological outcomes included the following: hematocrit values (admission, 72 h, 2 weeks, 4 weeks, 8 weeks, discharge), numbers of blood transfusions at 28 days of life and throughout hospitalization. As the mode of delivery (cesarean section or vaginal delivery) may impact hematological outcomes, 12 data on infants delivered by cesarean delivery and vaginal delivery were also considered separately. Phlebotomy loss (ml kg -1 birth weight) throughout first 28 days of life was also recorded. Research personnel recorded hourly mean arterial blood pressure values from umbilical arterial catheters or peripheral arterial lines. Treatment for hypotension was defined as the following: (1) normal saline bolus; (2) dopamine ⩾ 5 μg kg -1 min -1 ; or (3) hydrocortisone. Neonatal morbidities during initial hospitalization were recorded. Earlyonset sepsis was based on identification of positive blood or urine culture within 72 h of birth, while late-onset sepsis after 72 h of birth. Bronchopulmonary dysplasia was defined as requiring oxygen therapy at 28 days of life. Necrotizing enterocolitis was defined as stage 2 or greater, based on grading system developed by Bell et al. 13 Retinopathy of prematurity was determined by an attending ophthalmologist during routine screening, per institutional protocol. Head ultrasound readings were interpreted by a pediatric radiologist blinded to the infant's group assignment based on the grading system developed by Papile et al. 14 
Statistical analysis
Sample sizes of 16 infants in each group were necessary to detect an increase in the hematocrit by 15% with a power of 80% and α of 5%. This calculation was based on the hematocrit differences reported in the trial by Oh et al. 15 An oversampling of 25% brought each group to 20 infants for a total of 40 subjects. Group comparisons for continuous variables were made using the Student's t-test. For nonparametric analyses, chi-squared or Fisher's exact tests were used for categorical variables, and the MannWhitney test was used for continuous variables. Mean blood pressures were compared by analysis of repeated measures. Data are expressed as means with s.d. or s.e.m. All analyses were conducted with two-tailed tests. P-values o0.05 were considered statistically significant.
RESULTS
There were 362 women with singleton pregnancies who were admitted to labor and delivery service and eligible for study participation during the study period ( Figure 1 ). Forty infants were randomized to DCC or ICC groups at delivery. No differences in maternal demographics or characteristics between the two groups were observed (Supplementary Table 1 ). All mothers received at least one dose of antenatal steroids ⩾ 3 h before delivery. In addition, over half of mothers in both groups (59% in ICC and 78% in DCC groups) received antenatal magnesium for neuroprotection. There were no differences in the reasons for preterm birth between the two groups. We observed no differences in risk of adverse events among mothers, including the incidence of postpartum hemorrhage.
No differences in infant characteristics between the two groups were observed ( Table 1 ). The average GAs of infants in the two groups were 24.6 weeks for the ICC group and 24.4 weeks for the DCC group, respectively; 11 (28%) infants were born at 22 to 23 weeks' gestation, 16 (40%) infants were born at 24 to 25 weeks' gestation and 13 (33%) infants were born at 26 to 27 weeks' gestation. Over half (21/40, 53%) of the cohort in both groups had birth weights o 600 g. No infants assigned to DCC received ICC to expedite resuscitation, as was specified in the study protocol to be allowed if indicated by clinical appearance of the infant at the time of delivery. As expected, cord clamping times were greater in the DCC group than in the ICC group.
We observed no significant differences in markers of infant safety between the two groups ( Table 2 ). In the delivery room, we observed no differences between the DCC or ICC groups in the proportion of infants who received supplementary oxygen (89% vs 91%, P = 0.83), intubated (83% vs 73%, P = 0.68) or received surfactant (78% vs 64%, P = 0.53). Two infants in the ICC and one infant in the DCC group received chest compressions during resuscitation. These three infants, each with a birth weight o400 g, died in the delivery room and were excluded from subsequent analyses. Markers of infant safety on admission to the neonatal intensive care unit were also similar between the two groups, although admission temperatures were higher in the DCC infants than in the ICC group. No infants in either group developed polycythemia.
Hematological outcomes are listed in Table 3 . The samples obtained before 72 h were arterial, whereas the remaining samples were venous. Hematocrit values were higher in DCC infants than in ICC infants during the first 72 h of life, but were not different at later time points. We observed no differences in hematocrit values based on mode of delivery (Supplementary Table 2 ). The numbers of blood transfusions received during the first 28 days of life was increased among ICC infants than DCC infants, whereas total numbers of blood transfusions received throughout the entire hospitalization were not different between the groups. Phlebotomy losses were similar in the DCC and ICC groups.
Over the first 24 h of life, DCC infants had higher mean arterial blood pressures (mean difference of 4.13 mm Hg, 95% confidence interval 2.0 to 6.2, P o 0.01) than did ICC infants (Figure 2 ). During that same time period, infants in the ICC infants received treatment for hypotension at almost four times the frequency as infants in the DCC group (ICC 45% vs DCC 12%, P o 0.01). No differences in blood pressure or use of antihypotensive therapies were observed at later time points between the two groups.
No differences in neonatal morbidities between the two groups were observed (Table 4) . Although not statistically significant, there was greater than a twofold lower risk of severe IVH in the DCC group than in the ICC group (6% vs 20%). Similar numbers of infants in both groups received indomethacin for neuroprotection (ICC 8/20, 40% vs DCC 10/18, 55%). Two infants in the ICC group died beyond 30 days of life because of gastrointestinal perforation and Gram-negative sepsis, respectively. One infant in the DCC group died at day of life 49 because of Gram-negative sepsis.
DISCUSSION
Evidence for improved outcomes following DCC in older infant groups led us to investigate the intervention among infants born at 22 through 27 weeks' gestation. The main finding of our study is that a brief (30 to 45 s) delay in umbilical cord clamping among infants with an average GA of 24 weeks' is safe, logistically feasible, and appears to offer hematological and circulatory benefits compared with ICC. Some investigators have expressed concerns on the safety of DCC among neonates o 28 weeks' gestation, citing the maneuver may worsen neonatal outcomes by imposing delays in resuscitation. 16 A survey of US obstetricians found that 76% of respondents cite concerns regarding delays in neonatal resuscitation as the primary reason to perform ICC. 17 Consistent with studies of more mature infants, 6 we observed no short-term differences between the two groups across all available safety outcomes. However, the absence of differences between the two groups is not an adequate substitute for long-term studies adequately powered to detect changes in neurocognitive status and mortality. 16 Previous studies have described violations of study protocol wherein preterm infants assigned to DCC receive ICC based on clinical signs and the perceived need for expedited resuscitation. 18, 19 In contrast, our study had no protocol violations at the time of delivery. These differences can be explained by the lack of objective criteria regarding successful transition at birth. Although we observed no differences in variables associated with neonatal transition, recent evidence suggests that enhanced placental transfusion may provide better cardiopulmonary transition at birth than does ICC. 20, 21 To characterize more robustly the variables associated with physiologic transition at birth, the use of data acquisition systems in the delivery room to monitor regional (cerebral, renal and splanchnic) blood flow and oxygenation status are needed. 20 In addition, recent evidence suggests that establishing ventilation before cord clamping improves outcomes; 22 thus, careful attention to breathing status during DCC will be important. 23 To that end, maneuvers that incorporate active resuscitation with DCC or use umbilical cord milking as a strategy to increase placental transfusion at birth could have value, if appropriate patient groups could be identified and specific maneuvers optimized. 24, 25 An ongoing trial in the United Kingdom (UK CORD trial) is investigating the use of active resuscitation during DCC among very preterm infants. 26 Another important issue to discuss is feasibility. Despite a dedicated staff for patient education and recruitment, a large number of mother-infant dyads who met eligibility criteria were either not approached to participate in the study or were enrolled in the study but not randomized at the time of delivery. Other investigators have noted similar logistical issues enrolling patients in umbilical cord clamping trials, including precipitous delivery of the infant. 27 Although logistical issues required to conduct and execute a randomized trial on the timing of umbilical cord clamping are substantial, these issues are separate and distinct from those necessary to perform the intervention at the time of delivery.
Previous investigators have argued that DCC, compared with ICC, may increase the risk of hypothermia; a major risk to the survival or infants born o 28 weeks' gestation. 28, 29 Our observation that infants in the DCC group had higher admission temperatures than did infants in the ICC group was unexpected and warrants explanation. Per institutional protocol, the use of wool hats, polyethylene bags and thermal gel mattresses are used in all deliveries of infants o28 weeks. However, although infants in the ICC group were transferred immediately to the open warmer following delivery, infants in the DCC groups were wrapped in warm sterile towels during the DCC procedure. We speculate that concerns for a potential increased risk of hypothermia among infants in the DCC group, compared with the ICC group, may have led to more vigilance by the medical team in maintaining temperature in the DCC group during all aspects of their immediate postpartum care. Provided the shortand long-term consequences of hypothermia, additional evidence-based guidelines to prevent heat loss among infants born o 28 weeks' gestation are clearly needed. 30 Consistent with previous studies, 24, 31 we observed that DCC resulted in higher hematocrits during the first 72 h after birth compared with ICC. This finding suggests that a delay of only 30 to 45 s provides an effective placental transfusion at the time of birth. In addition, DCC resulted in fewer blood transfusions (over first 28 days of life) compared with ICC. Although the decision to transfuse was left up to the practicing clinician, this finding is noteworthy, in view of the adverse effects of blood product exposures on short-and long-term outcomes (IVH and necrotizing enterocolitis) in preterm infants. 32 However, even at a single institution with a guideline-driven approach to the use of blood products, lack of an ideal test for transfusion need led to considerable variability in blood transfusion rates in both groups. This may explain why we did not observe a reduction in total blood product exposure between the two groups throughout hospitalization.
We found that infants exposed to DCC, compared with ICC, had higher blood pressure in the first 24 h of life, which may have lowered the frequencies of blood pressures falling below 'critical threshold values' necessary for optimal hemodynamics. 33 In addition, higher mean blood pressures in the DCC group decreased the proportion of infants exposed to antihypotensive therapy than the ICC group. Although the rationale for blood pressure treatment is based on a reported association between adverse short-term outcomes and hypotension, 34 evidence on the benefits of treating hypotension early in life is controversial. 35 In fact, a recent study from the National Institute of Child Health and Human Development (NICHD) showed that, among 367 extremely premature infants, infants treated with antihypotensive therapies were more likely to develop severe IVH compared with untreated infants (22% vs 11%, P o 0.01). 36 Although our study was not powered to observe differences in neonatal morbidities, the twofold lower rates of severe IVH among infants exposed to DCC than with ICC are consistent with previous observations showing that enhanced placental transfusion may be neuroprotective. 5, 7 We speculate that DCC, and the provision of additional blood volume, stabilizes systemic and cerebral blood flow; the importance of which is magnified among infants born at the limits of viability who may lack cerebral autoregulation and therefore be uniquely vulnerable to fluctuations in cerebral perfusion and ischemia 37, 38 However, studies on the value of DCC in the prevention of IVH have been controversial. 5, 19, 39, 40 For example, a recent Cochrane review of preterm infants (o 37 weeks' gestation) showed that DCC results in a reduction in any grade, but not severe, IVH. 41 Safe modalities and strategies that are neuroprotective are desperately needed and warrant significant attention since infants born o 28 weeks' gestation age are at highest risk for poor neurodevelopmental outcomes. 42 Our findings are promising for this cohort and will be explored further.
Limitations
Our study is limited by a small number of patients, and confirmation of these results in a larger multicenter trial is desirable. A number of factors may limit the generalizability of our findings to all mother-infant dyads born o 28 weeks' gestation. This study represents the experience at a single institution with an aggressive approach toward perinatal and neonatal intervention. Not all institutions, practitioners or parents would be comfortable with this level of intervention among neonates born at 22 and 23 weeks' gestations, especially when long-term outcomes among infants born at limits of viability are difficult to predict. 43 This study was conducted in a tertiary care facility with highly trained personnel available to attend all deliveries. In an effort to maximize patient safety, we excluded mothers with placental previa/abruption and velamentous cord; therefore, our cohort likely represents a more stable subgroup of premature infants. Although we observed no differences in hematocrit values based on mode of delivery, our limited sample size make conclusions regarding negative results potentially due to lack of statistical power. Although we observed hematological and circulatory benefits in the first few weeks' of life for the present cohort, it will be important to assess whether these short-term benefits translate into a reduction in long-term morbidity.
CONCLUSION
In summary, our results suggest that a brief delay in cord clamping among infants with an average GA of 24 weeks is logistically feasible, appears to be safe, and offers a number of hematological and circulatory benefits. The results of this pilot study justify the need for a larger multicenter study to evaluate the potential benefits of enhanced placental transfusion among infants born at o 28 weeks' gestation.
